Streptococcus thermophilus autolytic strains are characterized by a typical bell-shaped growth curve when grown under appropriate conditions. The cellular mechanisms involved in the triggering of lysis and the bacteriolytic activities of these strains were investigated in this study. Lactose depletion and organic solvents (ethanol, methanol, and chloroform) were shown to trigger a premature and immediate lysis of M17 exponentially growing cells. These factors and compounds are suspected to act by altering the cell envelope properties, causing either the permeabilization (organic solvents) or the depolarization (lactose depletion) of the cytoplasmic membrane. The autolytic character was shown to be associated with lysogeny. Phage particles, most of which were defective, were observed in the culture supernatants after both mitomycin C-induced and spontaneous lysis. By renaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis, a bacteriolytic activity was detected at 31 kDa exclusively in the autolytic strains. This enzyme was detected during both growth and spontaneous lysis with the same intensity. We have shown that it was prophage encoded and homologous to the endolysin Lyt51 of the streptococcal temperate bacteriophage 01205 (M. Sheehan, E. Stanley, G. F. Fitzgerald, and D. van Sinderen, Appl. Environ. Microbiol. 65:569-577, 1999). It appears from our results that the autolytic properties are conferred to the S. thermophilus strains by a leaky prophage but do not result from massive prophage induction. More specifically, we propose that phagic genes are constitutively expressed in almost all the cells at a low and nonlethal level and that lysis is controlled and achieved by the prophage-encoded lysis proteins.
Autolysis of lactic acid bacteria used as starters appears to be a crucial step in the flavor development of fermented dairy products (12, 15) . It indeed causes the opening of cells and the subsequent release into the curd of intracellular enzymes that are involved in the flavor compound formation. The activity of these enzymes can therefore be enhanced by better accessibility to their substrates, proteins, lipids, or carbohydrates from the milk. It has been shown that the main consequence of cell autolysis in cheese is peptidolysis acceleration, leading to an increased rate of free amino acid production and to a decrease in bitter taste (2, 3, 13, 16, 25, 32, 34, 35, 55) .
Bacterial autolysis results from the degradation of the peptidoglycan, which is the major structural component of the bacterial cell wall, by enzymes called peptidoglycan hydrolases. Bacteria synthesize their own peptidoglycan hydrolases, named autolysins (45) . These cell wall-associated enzymes are potentially lethal for the cell and thus require stringent regulation. It has been proposed that autolysins are involved in different cellular processes including cell wall expansion and turnover, cell division, and transformation (47) . Autolysis would result from an uncontrolled action of the bacterial autolysins after inhibition of peptidoglycan synthesis (47) . For lysogenic strains, lysis can be caused by induction of the resident prophage. The prophage lysis system is then responsible for the host lysis. It contains in most cases two effectors, a peptidoglycan hydrolase, named endolysin, and a second protein, a so-called holin. Holins are small proteins causing nonspecific lesions in the membrane. They thus allow the endolysin, usually devoid of a signal peptide, access to the peptidoglycan to cause subsequent host envelope disruption (56) .
Hitherto, most of the studies dealing with lactic acid bacteria autolysis concern the genus Lactococcus and to a lesser extent Lactobacillus. Autolysis was investigated by physiological studies and also by analysis of the peptidoglycan hydrolase content. The autolytic character of Lactococcus and Lactobacillus strains was studied in liquid medium (2, 3, 28, 33, 41, 54) and for some of them during cheese ripening (5, 13, 16, 32, 35, 53, 55) . It appears to vary from strain to strain. Various factors could account for the different autolytic behaviors: the cellular content in peptidoglycan hydrolases, the regulation of either the expression or the activity of these enzymes, or the cell wall composition. Another alternative is the involvement of a prophage in the cell lysis, as demonstrated for the lactococcal strain AM2 (32) . The bacteriolytic enzymes of Lactococcus lactis (31, 38, 41) and Lactobacillus spp. (10, 52) have been studied by renaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), which allows detection of peptidoglycan hydrolase activities after renaturation in a substrate-containing gel. In L. lactis, an endogenous autolysin (9) and a prophage-encoded enzyme (31) were identified by this technique.
Streptococcus thermophilus received little attention regarding autolysis despite its industrial significance as starter used in the manufacture of yogurts and Italian and Swiss type cheeses. For S. thermophilus, spontaneously autolytic strains have been previously identified (43, 50, 58) . Lysis occurs at the end of the exponential growth phase, resulting in a typical bell-shaped growth curve. Independent studies of S. thermophilus temperate bacteriophages led furthermore to the observation that lysogens exhibit an identical autolytic phenotype (19) . The aim of our study was to investigate the cellular mechanisms involved in the triggering of lysis of S. thermophilus and to specify the link between the autolytic phenotype and lysogeny in this species. For this purpose, 6 different S. thermophilus strains identified as autolytic out of 146 S. thermophilus strains screened were further characterized in this work. All of them were found to be lysogenic. Different environmental factors, such as lactose depletion and organic solvents, were identified as triggers of premature lysis. A bacteriolytic enzyme of 31 kDa was detected by renaturing SDS-PAGE exclusively in the autolytic strains. It was shown to be prophage encoded and homologous to the endolysin Lyt51 of the streptococcal temperate bacteriophage 01205 (44) . From all these results, we propose a mechanism of lysis triggering according to which S. thermophilus lysis is triggered and achieved under unfavorable environmental conditions via the lysis proteins of a leaky prophage. ) at 37°C with shaking. The pQE30 plasmid vector (Qiagen) conferring ampicillin resistance was used for high-level expression of six-His-tagged proteins. When needed, ampicillin was used at a concentration of 100 g ml
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Lysis experiments. The effect of lactose depletion on the triggering of lysis was studied as follows. Bacteria grown in M17 medium containing a limited lactose concentration were harvested after different culture times by centrifugation at 7,500 ϫ g for 15 min at 15°C and washed once in distilled water at room temperature. The cells were then resuspended in the same volume of either fresh M17 broth or 50 mM Tris-HCl (pH 7.0) buffer, either supplemented with 0.5% (wt/vol) lactose or devoid of lactose. When specified, the purified recombinant endolysin (six-His-tagged) Lyt51 (see below) was added at various concentrations. The cell suspensions were then incubated at 42°C. Cell lysis was monitored by measuring the OD 580 of the bacterial suspensions. The extent of lysis was expressed as the percent decrease of OD 580 after a given time, and the rate of lysis was expressed as the decrease in OD 580 per minute during the first 60 min.
Lactose concentration was determined in cell-free culture supernatants by enzymatic analysis with the lactose/D-galactose determination kit (Boehringer Mannheim) according to the supplier's instructions.
Compounds tested for their ability to trigger a premature lysis were added to exponential-phase cultures. The resulting volume changes were always less than 2%, and temperature was held constant.
Mitomycin C induction. S. thermophilus strains were grown in M17 broth at 42°C to an OD 580 of 0.3. Mitomycin C (Sigma Chemical Co., St. Louis, Mo.) was added at a final concentration of 0.2 g ml Ϫ1 as described previously (20) . The culture was further incubated at 42°C, and the OD 580 was monitored regularly. A culture grown in M17 broth at 42°C was used as the control.
Bacteriophage preparation and electron microscopy observation. The autolytic strains were grown in 250 ml of M17 medium. Fifty milliliters of the culture was induced with mitomycin C as described above, and the remainder of the culture was grown until lysis occurred spontaneously. In both cases, after lysis was completed, the lysate was incubated for 1 h at 37°C with DNase I (5 g ml Ϫ1 ), RNase (12.5 g ml Ϫ1 ), and MgCl 2 (1 mM). Lysozyme (1 mg ml
Ϫ1
) and mutanolysin (Sigma) (500 U ml Ϫ1 ) were also added at this step to ensure an extensive release of phage particles. After addition of NaCl at the final concentration of 0.5 M, the lysate was further incubated on ice for 20 min. Cell debris was subsequently eliminated by a low-speed centrifugation (5,000 ϫ g, 15 min). Phage particles were collected from the supernatant by centrifugation at 100,000 ϫ g for 2 h at 15°C in an ultracentrifuge (model Centrikon T-1080; Kontron Instruments Inc.). The phage pellet was resuspended in 240 l of TM buffer (10 mM Tris-HCl, 10 mM MgSO 4 , pH 8.0), and the suspension was filtered through a 0.45-m-pore-size filter (Millex-HA; Millipore S.A., Bedford, Mass.).
Phage particles were then negatively stained with 2% (wt/vol) uranyl acetate, as previously described (1) , and observed with a Zeiss model EM-10 electron microscope at an accelerating voltage of 80 kV.
DNA techniques. Restriction enzymes and T4 DNA ligase were respectively obtained from Eurogentec and Boehringer Mannheim and were used as recommended by the suppliers. Molecular cloning, purification, and analysis of DNA were performed by standard procedures (42) .
PCR was carried out in a model 2400 Gene Amp PCR system (Perkin-Elmer, Norwalk, Conn.) with Taq DNA polymerase according to the instructions of the manufacturer (Appligene-Oncor, Inc., Gaithersburg, Md.). Total DNA was isolated from S. thermophilus strains as reported by Chapot-Chartier et al. (14) .
Total DNA was digested with the appropriate restriction enzymes, electrophoresed in a 0.7% agarose gel, and blotted onto a Hybond-Nϩ nylon membrane (Amersham International, Amersham, United Kingdom) by the Southern method as described by Sambrook et al. (42) . A DNA probe corresponding to an 825-bp fragment of the S. thermophilus temperate phage 01205 endolysin gene, lyt51 (48) was amplified by PCR from the total DNA of S. thermophilus CNRZ 1205. Primers LYS-1 (5Ј-ATGAGCGTAAAACAAAAACTA; position 1 to 21) and LYS-2 (5Ј-GTCGTCCTTATTCCAGCAAGA; position 825 to 805) used for this purpose were deduced from the previously published lyt51 sequence (48) . The probe was labeled with [␣-32 P]dCTP by using the Nick Translation DNA labeling kit (Amersham). Hybridization experiments were done under highstringency conditions (50% formamide, 42°C) according to a standard protocol (42) .
SDS-PAGE and renaturing SDS-PAGE. SDS-PAGE was carried out as described by Laemmli (27) with a Mini Protean II cell unit (Bio-Rad Laboratories, Inc., Hercules, Calif.) and a gel size of 75 by 55 mm. Samples to be analyzed were mixed with sample loading buffer containing (final concentrations) 62.5 mM Tris-HCl (pH 6.8), 2.3% (wt/vol) SDS, 50 mM dithiothreitol, 10% (vol/vol) glycerol, and 0.01% (wt/vol) bromophenol blue. They were then heated for 3 min at 100°C.
Renaturing SDS-PAGE was performed as previously described (29, 40) . Micrococcus lysodeikticus ATCC 4698 (Sigma) autoclaved cells (0.2% [wt/vol]) or S. thermophilus CNRZ 302 autoclaved cells (0.4% [wt/vol]) were included in 12.5% polyacrylamide gels as a substrate for the bacteriolytic enzymes. After electrophoresis, the gel was washed in distilled water for 30 min at room temperature with gentle shaking. It was thereafter transferred into renaturation buffer containing 50 mM MES (2-morpholinoethanesulfonic acid) (Sigma), NaOH (pH 6.0), and 0.1% (wt/vol) Triton X-100. It was incubated for 16 h at 37°C under gentle shaking. It was rinsed with distilled water, stained with 0.1% (wt/vol) methylene blue in 0.01% (wt/vol) KOH for 2 h at room temperature with gentle shaking, and destained with distilled water. The bacteriolytic activities appear as clear bands on a blue background.
Molecular mass was determined by comparison with prestained molecular mass standards separated by electrophoresis on the same gel. The prestained standards were purchased from Bio-Rad Laboratories and contained phosphorylase B (107,000 Da), bovine serum albumin (74,000 Da), ovalbumin (49,300 Da), carbonic anhydrase (36,400 Da), soybean trypsin inhibitor (28,500 Da), and lysozyme (20,900 Da).
Preparation of cell extracts for renaturing SDS-PAGE. SDS cell extracts were prepared from exponential-phase cells recovered by centrifugation at 7,500 ϫ g for 15 min at 4°C. The cell pellet was resuspended in sample loading buffer, heated for 3 min at 100°C, and centrifuged at 10,000 ϫ g for 15 min. The supernatant (SDS cell extract) was analyzed by renaturing SDS-PAGE.
In order to monitor the expression levels of bacteriolytic enzymes during growth and lysis, cells were harvested by centrifugation at 7,500 ϫ g for 15 min at 4°C from cultures at different times. The culture supernatant was filtered through 0.45-m-pore-size filters (Milex-HA) and was tested for the presence of bacteriolytic activities. The cells were resuspended in 50 mM Tris-HCl buffer (pH 7.0) containing 1 mM EDTA and 1 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride] (Interchim) and were disrupted with glass beads 0.1 mm in diameter in a Mini Beadbeater T 8M cell disrupter (Biospec Products, Bartlesville, Ill.) by three 1-min cycles with 1 min cooling on ice after each cycle. Glass beads, unbroken cells, and debris were removed by centrifugation at 8,000 ϫ g for 20 min. The protein concentration in the supernatants (glass bead cell extracts) was determined by the Bradford method with the Coomassie protein assay reagent as specified by Pierce Chemical Company (Rockford, Ill.) with bovine serum albumin as the standard. The same protein amount in each cell extract was analyzed by renaturing SDS-PAGE for the presence of bacteriolytic activities.
Expression of the Lyt51 endolysin in E. coli, purification of the recombinant protein, and preparation of antiserum. The Lyt51 endolysin (44) The expression of the six-His-tagged Lyt51 was induced by IPTG (isopropyl-␤-D-thiogalactopyranoside; 1 mM), according to the Qiagen procedure, in E. coli XL1-Blue harboring the pTIL72 plasmid. After 4 h of induction, the cells were collected by centrifugation at 4,000 ϫ g for 15 min and resuspended in 1/25 volume of column binding buffer (50 mM NaH 2 PO 4 [pH 8 .0], 300 mM NaCl, 10 mM imidazole). The cell suspension was then frozen at Ϫ20°C. After 2 h it was thawed at room temperature and replaced in the freezer. This procedure was repeated four times, and the cells were finally broken by three ultrasonication pulses of 20 s with 1-min cooling intervals in an ice bath. Insoluble cell debris was removed by centrifugation at 10,000 ϫ g for 15 min, and the His-tagged Lyt51 was purified from the supernatant (cleared lysate) by metal affinity chromatography on a nickel-nitrilotriacetic acid (Ni-NTA) spin column (Qiagen) according to the manufacturer's instructions. Following elution with imidazole, the purified Lyt51 protein was dialyzed for 16 h against phosphate-buffered Saline (PBS; 10 mM sodium phosphate [pH 7.4], 100 mM NaCl) at 4°C. The protein concentration was determined with the Coomassie protein assay reagent (Pierce).
Purified Lyt51 was injected into a rabbit to raise antibodies (Biological Services Unit, University College of Cork, Cork, Ireland). Four injections of 50 g of Lyt51 were performed at 1-week intervals.
The antibodies directed against the His-tagged Lyt51 were purified by affinity chromatography from the rabbit serum obtained 7 days after the third booster injection, according to the procedure of Gu et al. (22) . Briefly, the His-tagged Lyt51 from an E. coli-cleared lysate was bound to a Ni-NTA spin column and then 600 l of the crude rabbit antiserum was applied to the column and left to stand for 20 min. The serum was then allowed to filter through, and the column was washed five times with 600 l of 150 mM NaCl-50 mM Tris-HCl, pH 7.4, followed by five washes with 600 l of 2 M NaCl-50 mM Tris-HCl, pH 7.4. The Lyt51-specific antibodies were thereafter eluted with 600 l of 4 M MgCl 2 solution (pH 4.5) and dialyzed against water for 1 h and then against PBS for 16 h at 4°C.
Immunoblotting analysis. Immunoblotting was carried out as described by Towbin and Gordon (51) using the purified anti-Lyt51 antibodies. The same protein amount from each SDS cell extract and the purified His-tagged Lyt51 (2 ng) were electrophoresed on a 12.5% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Schleicher & Schuell). After incubation with the primary anti-Lyt51 antibodies (1/500), the membrane was incubated with protein G-horseradish peroxidase conjugate (Bio-Rad) (1/3,000). Antigen-antibody complexes were subsequently detected using chemiluminescence with the ECL Plus Western blotting detection kit (Amersham) according to the manufacturer's instructions.
RESULTS
Lactose depletion triggers the lysis of the autolytic S. thermophilus strains. S. thermophilus DN-001065 (Fig. 1A) as well as the other five S. thermophilus autolytic strains (data not shown) exhibited a typical bell-shaped growth curve when grown at 42°C in M17 medium supplemented with lactose in limited concentrations (1% for strain DN-001065 and 0.5% for the other strains). After reaching maximal growth, cells lysed rapidly, resulting in a sharp decrease of OD 580 . The onset of lysis was coincident with lactose exhaustion from the medium (data not shown).
These results suggested that lactose depletion was the triggering factor for cell lysis. To confirm this hypothesis, the lytic behavior of exponential-phase cells transferred in fresh M17 medium devoid of lactose was examined. Upon their transfer, the cells lysed immediately with a lysis rate (1.4 ϫ 10 Ϫ2 OD 580 unit min Ϫ1 for strain DN-001065) similar to that of spontaneous lysis occurring at the end of the exponential-growth phase (Fig. 1A) . When transferred in M17 medium containing lactose, the exponential-phase cells did not lyse and resumed growth after a short lag phase (Fig. 1A) . The lysis phenomenon observed in the absence of lactose was specific to the autolytic strains. Indeed, when nonautolytic strain CNRZ 1446 cells were used in the same experiment, they stopped growing but did not lyse (data not shown).
In addition, we observed that lactose can arrest the lysis of the autolytic strains. When a lysing culture was transferred into fresh M17 medium containing lactose, lysis stopped immediately and a renewed growth phase was observed. In absence of lactose, lysis continued (Fig. 1A) .
The protective role of lactose against lysis was also investigated with buffer solutions. For this purpose, S. thermophilus autolytic strains at the beginning of the lysing phase in M17 medium were transferred in 50 mM Tris-HCl buffer, pH 7.0, supplemented with 0.5% lactose or not supplemented, and incubated at 42°C. In the absence of lactose, the cell suspension turbidity decreased linearly during 2 h (Fig. 1B) . For strain DN-001065 the extent of lysis reached 70% after 19 h of incubation. By contrast, when lactose was present in the buffer, the OD 580 remained stable over the same period of time. These results thus show that lactose also protects resting cells against lysis.
Thus, the depletion of lactose, which is the unique carbon source in the growth medium, appears to be the trigger of cell lysis. The fact that even exponential-phase cells lyse under lactose depletion suggests that the triggering of lysis does not require the accumulation in the cells of lysis effectors at the end of the exponential-growth phase but rather that these lysis effectors are present in the cells at any stage of growth.
Identification of compounds that trigger the premature lysis of autolytic S. thermophilus strains. In order to specify the cellular mechanisms involved in the triggering of lysis, we have searched for compounds causing the premature lysis of exponentially growing cells of the autolytic strains. In a previous study, we have shown that NaCl triggers the lysis of S. thermophilus autolytic strains (23) . Here, we have tested the effect of organic solvents (2% [vol/vol] ethanol, 0.6% [vol/vol] methanol, and 2% [vol/vol] chloroform). As shown on Fig. 2 for chloroform, their addition to an exponential-phase culture was followed in less than 15 min by a dramatic lysis of the culture, which resulted in a sudden drop of OD 580 . Lysis occurred earlier than in the control culture upon lactose exhaustion. The characteristics of the lysis were similar to those of one triggered by NaCl (23) . When challenged with the same compounds, the nonautolytic strain CNRZ 1446 used as a control stopped growing but did not lyse (data not shown). Organic solvents as well as NaCl were thus able to overcome the protective role of lactose and triggered a specific, rapid, and premature lysis of the autolytic strains grown in M17.
The triggering of lysis occurred very quickly after the addition of organic solvents or NaCl (23). Furthermore, it was not inhibited by chloramphenicol (data not shown), and lysis could be triggered from the very beginning of exponential growth (Fig. 2) . These results suggest that de novo protein synthesis is not required for lysis and support the hypothesis that the lysis effectors are present in the autolytic cells irrespective of the culture age.
Correlation between the autolytic phenotype and lysogeny in S. thermophilus. In the literature, S. thermophilus strains previously identified as lysogenic by mitomycin C treatment were shown to be autolytic (19, 36) . This prompted us to evaluate whether the autolytic strains of this study were lysogenic.
The six S. thermophilus autolytic strains were treated with mitomycin C as described in Materials and Methods. As shown for strain DN-001065 on Fig. 3 , following mitomycin C addition, cells went on growing as well as the control during 40 min and then a dramatic lysis occurred, resulting in a sudden drop of OD 580 to a value close to the initial value. The onset of the mitomycin C-induced lysis happened earlier than the spontaneous lysis occurring in the nontreated control. We thereby succeeded in inducing the premature lysis of the six autolytic strains.
Electron microscopy observations revealed the presence of bacteriophage particles in the DN-001065 lysates after both mitomycin C-induced and spontaneous lysis. The number of phage particles observed was, however, lower after spontaneous lysis than after mitomycin C induced lysis. Under both conditions, intact particles were rare and were accompanied by ample numbers of tailless heads and headless tails. The observed intact phages presented the same morphology. They possessed isometric heads with hexagonal outlines (45 nm in diameter) and flexible noncontractile tails (200 nm in length) (Fig. 4) . Tail fibers were not observed in our preparations. It therefore appears that these phages belong, like the other S. thermophilus bacteriophages analyzed so far, to the Siphoviridae family defined by Francki et al. (21) or to group B as defined by Bradley (6) .
These results could be extended to the five other selected autolytic strains. The six autolytic S. thermophilus strains are thus lysogenic.
The autolytic S. thermophilus strains contain a 31-kDa bacteriolytic activity absent from the nonautolytic strains. We tested whether autolytic and nonautolytic S. thermophilus strains could be distinguished on the basis of their contents of bacteriolytic activities. These were analyzed by renaturing SDS-PAGE with two different substrates included in the gels: autoclaved M. lysodeikticus or S. thermophilus cells. The presence of bacteriolytic enzymes in SDS cell extracts from each strain grown in M17 medium was tested. Experiments presented in this section were performed with the DN-001065 autolytic strain and the CNRZ 302 nonautolytic strain.
With the M. lysodeikticus autoclaved cells, which are classically used as the substrate for bacteriolytic enzymes, no activity band was detected, either in the SDS cell extract of strain DN-001065 or in that of the nonautolytic strain CNRZ 302 (data not shown). With the S. thermophilus substrate, one activity band, named L, was detected at 31 kDa in the DN-001065 strain (Fig. 5, lane 1) . Band L was absent from nonautolytic strain CNRZ 302 (Fig. 5, lane 2) . Its detection required the 
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presence of a reducing agent, such as dithiothreitol or ␤-mercaptoethanol, in the sample loading buffer (data not shown). An identical activity band was also present in the five other autolytic strains and was absent from the nonautolytic strains tested as well as from a prophage-cured derivative strain (data not shown).
It is noteworthy that band L was detected with the same intensity during growth and lysis (Fig. 6A) and that no induction could be evidenced before the lysis. The culture lysis was accompanied by a concomitant increase of the bacteriolytic activity detected in the culture supernatant (data not shown).
The 31-kDa bacteriolytic enzyme is a prophage-encoded enzyme homologous to the endolysin Lyt51 of the streptococcal temperate bacteriophage 01205. The intensity of the bacteriolytic activity detected at 31 kDa in the autolytic strains was monitored by renaturing SDS-PAGE during mitomycin C induction. As above, results are shown for S. thermophilus DN-001065 and were verified for the five other S. thermophilus autolytic strains. Cell extracts were prepared at different culture times following mitomycin C addition with glass beads as described in Materials and Methods, and the same protein quantity was loaded on a gel containing S. thermophilus autoclaved cells.
Thirty minutes after mitomycin C induction, the intensity of activity band L increased significantly (Fig. 6B) . It went on increasing until lysis took place, 45 min after mitomycin C addition. At the time of lysis, band L was detected in the culture supernatant (data not shown). The intensity of activity band L did not vary during the same time period in the absence of mitomycin C (Fig. 6A) .
Thus, the 31-kDa bacteriolytic activity appeared to be mitomycin C inducible. It was absent from a prophage-cured derivative strain and was detected exclusively in the S. thermophilus autolytic strains, which were furthermore lysogenic. In addition, it presented the same properties in renaturing SDS-PAGE (molecular mass, requirement for a reducing agent, and substrate specificity) as the bacteriolytic activities detected in the lysates of S. thermophilus cultures infected with virulent phages (data not shown). All together, these findings suggested that the 31-kDa enzyme was encoded by a prophage.
As it was shown that genes involved in the lysis module of S. thermophilus bacteriophages were highly conserved at the DNA sequence level (17, 44), we examined whether activity band L could be a bacteriolytic enzyme homologous to the recently identified endolysin Lyt51 of S. thermophilus temperate bacteriophage 01205 (44).
We first investigated the presence of a gene homologous to lyt51 in the six autolytic strains by probing strain DNA digests with the PCR-generated fragment consisting of nucleotides 1 to 825 of lyt51 (data not shown). The results showed that the six autolytic strains contain a DNA fragment which is not present in the nonautolytic strain CNRZ 302 and which hybridizes with the lyt51 probe.
We then examined whether a protein similar to Lyt51 could be detected in the autolytic strains. For this purpose, antibodies were raised against Lyt51, which was overexpressed as a six-His-tagged fusion protein in E. coli and purified by Ni-NTA affinity chromatography. The antibodies were used in immunoblotting experiments on SDS cell extracts of the autolytic strains.
In the S. thermophilus DN-001065 SDS cell extract, a protein of 31 kDa was recognized by the purified antibodies (Fig. 7 , lane 2) and the band intensity was higher in the mitomycin C-induced cells (Fig. 7, lane 3) . One band was observed at the same molecular mass in the cell extracts of the five other autolytic strains as well (data not shown). The purified Histagged Lyt51 used for antibody production was used as the control (Fig. 7, lane 1) . The observed difference in electrophoretical mobility between the His-tagged endolysin and the protein detected in the DN-001065 cell extracts can be attributed to the fact that the molecular mass of the recombinant protein (32.2 kDa) is higher than that of the native protein (31.1 kDa) due to the six-His tag fusion. As expected, no band was detected at 31 kDa in the SDS cell extract of S. thermophilus CNRZ 302 (Fig. 7, lane 4) . Protein bands detected at about 74 kDa, as well as the one at 29 kDa, were equally present in strain CNRZ 302 and thus appear nonspecific.
Thus, the 31-kDa bacteriolytic activity detected in the S. thermophilus autolytic strains is encoded by a prophage and is homologous to the Lyt51 endolysin identified in the 01025 temperate bacteriophage of S. thermophilus.
Effect of exogenous endolysin on the growth and lysis of S. thermophilus autolytic strains. The effect of exogenous endolysin on the growth and lysis of the autolytic DN-001065 strain was tested. For this purpose, exponential-phase cells were collected and resuspended in fresh M17 medium supplemented with lactose and several amounts (0, 10, 25, and 100 ng ml Ϫ1 ) of purified six-His-tagged Lyt51. The concentration of 100 ng ml Ϫ1 corresponds to the maximum amount that is released in the culture supernatant by spontaneous lysis, as estimated by renaturing SDS-PAGE.
At concentrations of 25 ng ml Ϫ1 and below, the endolysin Lyt51 has no effect on growth and lysis triggering; the cultures behave like the control without endolysin (data not shown). At a concentration of 100 ng ml Ϫ1 , the growth rate was reduced but lysis was triggered at the same time as for the control (data not shown).
These results thus rule out the hypothesis that the cells lysed from the outside, that is, from the action of endolysin released by a fraction of the cell population. They rather indicate that most of the lysis observed in response to the identified triggering factors is from within.
DISCUSSION
S. thermophilus autolytic strains are characterized by a typical bell-shaped growth curve, reflecting their propensity to dramatically lyse after a normal growth phase. The cellular mechanisms involved in triggering the lysis of these strains were investigated in the present study. Lysis was rapidly triggered under unfavorable environmental conditions such as lactose depletion and organic solvent addition. This autolytic phenotype appears to be linked to the lysogenic character of the strains. It is also associated with the presence of a 31-kDa prophage-encoded endolysin, homologous to Lyt51 of the streptococcal temperate bacteriophage 01205 (44) and detected in the cells during both growth and lysis.
Lysis of the autolytic strains appears to be triggered by the depletion of lactose, the unique carbon source in the growth medium. In addition, our results indicate that lactose prevents the lysis of starved or resting cells. As the triggering of lysis of S. thermophilus autolytic strains grown on lactose and also on saccharose was previously reported to be concomitant with sugar depletion from the medium (50, 58), we assumed that lysis is caused by the carbon source depletion irrespective of its nature. The cellular integrity of S. thermophilus autolytic strains thus appears to depend on the presence of metabolic energy in the medium as observed for some strains in other bacterial genus such as Enterococcus hirae (46) , L. lactis (41) , Propionibacterium spp. (30) , and Bacillus subtilis (24) .
Since S. thermophilus does not contain storage polymers, lactose starvation may immediately result in energy starvation and in the subsequent rapid dissipation of the proton motive force (PMF), as described previously for L. lactis (39) . Organic solvents as well as NaCl (23) were shown to remove the protective effect of lactose against lysis. Following their addition, a sharp and immediate lysis, which does not seem to require de novo protein synthesis, occurred. It is worth noting that organic solvents are known to permeabilize the cytoplasmic membrane and that NaCl was also shown to lower the PMF at concentrations above 50 mM (26) . The environmental factors triggering the cell lysis thus present the common feature of affecting the cell envelope properties by causing either the depolarization or the permeabilization of the cytoplasmic membrane. In the present survey all the strains selected for their autolytic character are lysogenic. Reciprocally, according to the literature (19, 36) , all the S. thermophilus lysogenic strains identified by mitomycin C induction are autolytic. The unique exception is the lysogen St18 described by Carminati and Giraffa (11), which did not exhibit the autolytic phenotype; this was most probably due to inappropriate growth conditions that led to lysis inhibition. The relation between the autolytic phenotype and the presence of a mitomycin C-inducible prophage in the strain genomes thus appears to be symmetrical in S. thermophilus. The involvement of a prophage in the autolytic phenotype is moreover supported by the nonautolytic character of strains cured for their prophage and the restoration of the autolytic phenotype by relysogenization (19, 36) . The uniformity of the S. thermophilus lysogen phenotype might be linked to the recently evidenced genetic similarity among the streptococcal temperate bacteriophages (8, 17, 18, 20, 48) and their lysogeny modules (37) .
A unique bacteriolytic enzyme of 31 kDa was detected by renaturing SDS-PAGE exclusively in the autolytic strains. We showed that this enzyme is prophage encoded and homologous to the endolysin Lyt51 of the streptococcal temperate bacteriophage 01205 (44) . The identification of the 31-kDa enzyme as an endolysin homologous to Lyt51 was based first on the similar biochemical properties of both enzymes observed by renaturing SDS-PAGE, i.e., their molecular masses and their requirement for a reducing agent to be detected as well as their apparently narrow substrate specificities. The 31-kDa enzyme identification was further substantiated by the detection of DNA homologous to lyt51 in the autolytic strains, and finally confirmed by the immunodetection of a 31-kDa protein reacting with anti-Lyt51 antibodies.
Although the autolytic phenotype of the S. thermophilus strains is linked to their lysogenic character and is observed under unfavorable physiological conditions, cell lysis does not appear to result from massive prophage induction in response to a stress. Indeed, lysis resulting from lysogenic induction, such as that caused by mitomycin C treatment, occurs after about 45 min, and, over this period of time, expression of phage genes is massively induced, as shown for the 31-kDa endolysin. By contrast, following lactose depletion and organic solvent or NaCl addition, lysis occurs more quickly and does not appear to require de novo protein synthesis. In addition, the 31-kDa endolysin is detected with the same intensity up to the onset of lysis. It thus appears that the two lysis events do not result from the same triggering mechanism and therefore that the autolytic phenotype is not caused by massive prophage induction.
It rather seems that the autolytic phenotype results from an incomplete prophage repression. Several observations suggest that the S. thermophilus lysogens failed to efficiently control the prophage state; linearized phage DNA (7, 19) and the 31-kDa endolysin were detected in cells that were not treated with mitomycin C, and phage particles were liberated by the spontaneous lysis of the lysogens. As an extensive culture lysis was triggered under appropriate conditions and as most of the cell lysis appears to come from within, we assumed that the prophage induction takes place in almost all the cells and not only in a fraction of the population. According to this hypothesis, the prophage lysis proteins are also expressed in the cells, as shown for the endolysin. In S. thermophilus phages, as in most bacteriophages, the lysis system contains, in addition to the endolysin, holin proteins which are required by the endolysin to pass through the cytoplasmic membrane and reach the peptidoglycan (17, 44, 48) . The high cell toxicity of these membrane-embedded proteins implies that the prophage induction occurs at a low and therefore nonlethal level. We propose that the prophage lysis proteins control and achieve cell lysis and are thus responsible for the autolytic phenotype. It has been suggested that the culture lysis resulting from the endolysin action can be viewed as a reporter event for holin function (4) . The involvement of holin proteins in lysis triggering was suggested by the fact that the environmental triggers of S. thermophilus lysis, which are factors leading to the membrane depolarization, are also known to trigger premature lysis of induced E. coli lambda lysogens by causing premature hole formation by holins (4, 56, 57) . These data suggest that noninduced S. thermophilus lysogens express holin proteins at a nonlethal level and that, according to the well-documented model of lysis triggering in lambda lysogens, collapse of an already unstable membrane potential, which is weakened because of the expression of holins, would cause the conversion of holins from a dormant to an active state. Our hypothesis is thus that the prophage lysis proteins, which are the 31-kDa endolysin and the holins, would accomplish lysis and that the scheduling of lysis would be controlled by mechanisms governing the activity of the holins present in small amounts in the membranes during growth.
Because they can lyse in response to several specific environmental signals such as NaCl (23), lactose depletion, and organic solvents, S. thermophilus lysogens appear to be a very useful tool to evaluate the impact of cell lysis on the flavor development of fermented dairy products. In respect to the significant problem of phage infection in the dairy industry, the restriction to their wide industrial use is their lysogenic character, although we did not detect virulent phages in the lysis supernatants. Further studies will thus be required in order to specify the role of S. thermophilus lysogeny in phage infection.
